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ABSTRACT
High surface area (>200 m2/g) crystals composed of nanosize (30-50nm)
hydroxyapatite; (Ca5(PO4)3OH) particles are being investigated as an alternative in
cleaing contaminated groundwater and soil by removing toxic wastes and radionuclides.
Static batch tests were carried out at 2, 4, 8, 24 and 120 hour time periods by reacting
hydroxyapatite with individual solutions prepared with specific elements to evaluate the
applicability of hydroxyapatite in removing potential contaminants. Chemical analyses on
leachant solutions, leachate solutions, and post-reaction digested solids were conducted
by Inductively Coupled Plasma-Mass Spectroscopy

to determine the extent of ion

removal. Removal of these ions is expected to occur via ionic substitution, surface
adsorption or precipitation onto the hydroxyapatite solids. Adsorption by hydroxyapatite
appears to be effective based on the results from tests conducted. Ion removal selectivity
is influenced by the ionic radii and valence charge effect. The Sr2+ and Ca2+ in the
hydroxyapatite structure both have the same valence charge which leads to effective
substitution of Ca2+ by Sr2+. Even though Ce4+ and Ca2+ have different valence charges,
Ce4+ was significantly adsorbed and was likely substituted for Ca2+ based upon their
similar ionic radii. Substitution in hydroxyapatite crystal between ions of different ionic
charge requires a charge coupled substitution compensating ion to maintain a charge
balance (e.g. Ca2+ + P5+ ↔ Ce3+ + Si4+). The adsorption potential of hydroxyapatite
displayed promising results and should be considered as a viable option in cleaning
contaminants from groundwater.
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1. INTRODUCTION

1.1. APATITES
The calcium phosphate group apatite minerals are known to have a general
A5(TO4)3Z

formula of:

The A site is usually accommodated with Ca2+ ion and can be substituted by other 2+
cations such as Sr, Pb, Ba, Mg, Hg, Zn, Cd, Cu, Mn, and Fe (Hughes and Rakovan,
2002). Under specific conditions, the A site also has the potential to hold 1+ cations of K,
Na, Rb and Cs; 3+ cations of rare earth elements (REE3+) Bi, Tl, Cr, Y and occasionally
4+ cations such as U, Th and Ce. The T site commonly consist of P5+ ion and is referred
as orthophosphate complex,

. The T site can be substituted with C4+, As5+, V5+,

Si4+ and S6+ forming anionic tetrahedral complexes
possibly

,

,

,

and

(Brown and Constantz, 1994). The Z site distinguishes hydroxyapatite,

fluoroapatite and chloroapatite depending on the anion present in the apatite structure.
The prefix hydroxy- is given to Z sites occupied by OH- anions, fluoro- for F- and chlorofor Cl-.
Hydroxyapatite is sometimes written as Ca10(PO4)6(OH)2 to indicate that the unit
cell of the crystal is composed of two entities. Hydroxyapatite is stable within the pH
range of 4-12 based on studies in CaO-P2O5-H2O system under high pressure (2 kbar) and
high temperature (300-600°C) conditions (Gaines et al., 1997). Apatite belongs to the
hexagonal crystal system and usually forms as elongate prismatic crystals (Figure 1.1).
Apatite has a Mohs hardness of five with a specific gravity range from 3.15-3.20 (Klein
and Dutrow, 2008). The apatite structure is also known to have long term stability in a
wide range of environmental conditions.
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1.2. SIGNIFICANCE OF APATITE
Apatite is significant in geology because it is the most abundant naturally
occurring phosphate on earth, commonly as fluoroapatite (Narasaraju, 1996). It is
commonly found as accessory minerals (<5%) in igneous rocks such as carbonatites, and
metamorphic rocks such as skarn, scapolite, chlorite schist and calcitic marble.
Sedimentary environments associated with marine shales, limestone and chert also yield
apatite minerals. It can also be present in pegmatite deposits and hydrothermal veins
(Brown and Constantz, 1994). Since apatite is rich in phosphorus, it is mined for the
production of fertilizer and detergent. Chemical industries use apatite to produce
phosphoric acid. It is also used to model the phase equilibria system of phosphorus. As
for the biology aspect, carbonate bearing hydroxyapatite; Ca5(PO4)3(OH) is known to be
an essential constituent of human bone and tooth enamel. Approximately 40% by weight
of an adult human bone is composed of hydroxyapatite (Narasaraju, 1996). The affinity
of apatite with elements such as uranium enables it to be used as a geochronometer for
fission track dating (Hughes and Rakovan, 2002). Trace elements found in apatite are
used to determine the thermal history of orogenic events in sedimentary basins.
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Figure 1.1. An example of an apatite crystal. It can be identified from its hexagonal or
hexagonal dipyramid crystal form, hardness and its poor cleavage.
URL: http://www.britannica.com/EBchecked/topic/29378/apatite

1.3. PURPOSE
Contamination remediation involves the removal or adsorption of heavy metals,
radionuclides and toxic waste (Thomson et al., 2003). The transport of these
contaminants into the surroundings is a concern around military sites. Metal, radiological
and toxic waste contaminants are known to leach through soil and sediments into ground
water and surface water, posing as a hazard if ingested by humans. They also disrupt the
ecosystem. The production of bone char, a phosphate material composed of
hydroxyapatite in an organic matrix through the pyrolysis of cow bones (Thomson et al.,
2003) has been studied as a quick and low-cost alternative in soil and groundwater
remediation (Ma et al., 1993). The purpose of this research project is to evaluate the
feasibility of using synthetic hydroxyapatite produced from borate glass in removing
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toxic and radioactive contaminants such as U, Pu, Sr, As, Cr, Pb, and rare earth elements
(REEs) from contaminated groundwater and/or waste water streams through either ion
exchange mechanism or several sorption processes. A prototype for a portable water filter
pump has also been designed to provide drinking water utilizing hydroxyapatite and its
sorption ability. This portable water filter pump was tested to ensure its effectiveness and
the level of contaminants that could be removed to provide, convenient and safe drinking
water for the U.S. Army that can be applied in the field setting.

1.4. CRYSTALLOGRAPHY
The crystallography of apatite plays a vital role in the substitution of ions in the
apatite structure. Apatite belongs to the hexagonal crystal system with P63/m space group
with a hexagonal arrangement of the tetrahedral complexes forming a 63 screw axis that
channels towards anions in the c-axis in a parallel manner (Gaines et al., 1997). The
crystal lattice parameters of a and c are 9.39 Å and 6.89 Å, respectively (Klein and
Dutrow, 2008).
The atomic structure contains two calcium atoms with different crystal
configurations [Ca(1) and Ca(2)]. The Ca(1) atoms occupies a columnar site and is linked
to neighboring Ca2+ by six total oxygen atoms above and below that lie in a mirror plane
(Figure 1.2a). Three O(1) atoms with 2.397 Å bond length are located on one side and
three O(2) atoms with 2.453 Å bond length are located on the other side. Each Ca(1)
atom is also coordinated by three O(3) at 2.81 Å bond length. This gives the columns of
Ca2+ a nine fold coordination with surrounding oxygen atoms, with the columns in turn,
connected to PO4 tetrahedra (Figure 1.2b). This allows for larger ions to be incorporated
into the Ca(1) site. There are two additional oxygen atoms, O(3) and either one O(1) or
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O(2) attached to PO4 tetrahedra from one column with a fourth oxygen (either O(1) or
O(2) from the adjacent column). The Ca(2) atoms are located in channels that pass
through the described PO4 network. The Ca(2) atoms form two triangular coordinated
groups rotated 60° relative to one another (Figure 1.3). The Ca(2) ions have a seven fold
coordination, composing of six oxygen atoms and one fluoride, chloride or hydroxide
ion. There is one O(1) with 2.814 Å bond length, one O(2) with 2.384 Å bond length ,
two O(3) at 2.344 Å and two O(3) at 2.398 Å bond length and F- at 2.23 Å. There are
40% of calcium atoms in Ca(1) position and 60% in the Ca(2) position (Elliott, 1994).

Figure 1.2. Illustration of the basic atomic arrangement of apatite that shows the locations
of total nine oxygen atoms with respect to Ca(1) (a) and (b) shows the arrangement of
atoms linked together by PO4 tetrahedra. (Beevers and McIntyre, 1946)
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Figure 1.3. The arrangement of ions in a hydroxyapatite unit cell along the c-axis
(vertical line) shows that the OH- ion is located in the cavities 0.36 Å above the mirror
plane (Elliott and Dowker, 2002) of two triangular Ca(2) groups rotated 60° relative to
one another (Young, 1967). This structure is described to as hexagonal close packing of
tetrahedral
ions.

The incorporation of other elements such as Pb2+, Na+, Sr2+ and the REE may be
accomodated by an expansion or contraction of the unit cell (Gaines et al., 1997). The
occurrence of Ca2+ or F- substitution by larger ions, can be depicted from the increase in
lattice parameter, a (Elliott and Dowker, 2002). The spacing between lattices would
contract when the substituting ion is smaller than Ca2+ or P5+. The relationship between
bond length and crystal strain may allow or limit substitution based on the ability of the
crystal to accommodate this strain.
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2. MECHANISM OF ION REMOVAL

2.1. GOLDSCHMIDT’S RULE OF IONIC SUBSTITUTION
Victor M. Goldschmidt (1937) discussed that the arrangement of space lattices of
atoms and ions is a function of the size of individual atoms or ions (Goldschmidt, 1937).
The incorporation of an atom or ion into crystal lattice is dependent on the size of the ion
which can also be referred to as the radius. The most vital principle in the compositional
variation or distribution of elements in minerals and rocks is the sorting of elements with
respect to the radii, spacing of crystal lattices and the distance between atoms in rockforming minerals. Preferential substitution of ions may occur when there is a small
difference in ionic radii which minimizes the difference in bond strength when one ion is
substituted for another. Substitution in a crystal is expected to be common when there is
an ionic radii difference of less than 15%. There is a limited chance of substitution
occurring when ionic radii differ by 15-30%. Substitution becomes very rare when there
is a larger than 30% difference in ionic radii.
In cases where substitution involves ions of similar radius but different valence
charge, substitution of one element for another preferably occurs where valence charge
are equal, or vary by ±1 charge unit. Any charge imbalance created by ionic substitution
will require a charge compensating ion. In contrast, substitution is less likely to occur
when valence charge differs by two charge units or more. The ratio of ionic charge over
ionic radius, known as the ionic potential, was described to be contributing factor that
affects the ions that might enter a crystal structure. Ions with higher ionic potential form
stronger bonds and are more inclined to be incorporated in a crystal structure
(Goldschmidt, 1937).
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In addition to the ionic radius and valence charge, the ion with the higher
electronegativity of the two ions would favor replacement. Electronegativity is the ability
of an ion/atom to attract an electron in the form of a qualitative value (Ringwood, 1955).
Suzuki et al. (1982) drew a conclusion from their study on hydroxyapatite as inorganic
cation exchangers, that cations are more likely to be removed by hydroxyapatite when the
cations of interest have large electronegativity values and radii close to the range of 0.9 –
1.3 Å.

2.2. SIMPLE IONIC SUBSTITUTION
The substitution that occurs between two elements with the same valence charge
is referred to as simple ionic substitution. A common example that reflects compositional
variation that occurs in minerals from the result of simple ionic substitution is the olivine
structure, where Mg2+ in forsterite (Mg2SiO4) easily replaces Fe2+ in fayalite (Fe2SiO4).
Similarity in ionic radii (Mg2+ with 0.72 Å and Fe2+ with 0.78 Å) is also a contributing
factor that promotes substitution (Klein and Dutrow, 2008).
The adsorption of strontium ions by hydroxyapatite has been recorded in a study
by Lazić and Vuković (1991). The experiment was carried out using a batch test method
where a one gram sample of hydroxyapatite was mixed and stirred with 200 cm3 of
strontium nitrate (SrNO3) of four different starting concentrations: 0.001, 0.003, 0.005,
and 0.011 molar. Experiments were conducted in glass vessels at 293 K. The leachant pH
values were reported to be 6.4, 6.4, 6.5 and 6.6 respectively before the addition of
hydroxyapatite and 6.6, 6.6, 6.6 and 6.7 after a two hour reaction with hydroxyapatite.
The specific surface area of the crystals was 30.5±0.5 m2/g. After two hours, the solution
was filtered out through a 0.2 μm size millipore filter. The ratio of Ca2+ released into
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solution versus Sr2+ that was removed from solution was 1:1 for all samples indicating
that strontium was substituted via direct ion exchange.
Suzuki et al. (1981, 1982, 1984) referred to the synthetic hydroxyapatite as an
inorganic cation-exchanger. The authors studied the removal of metallic divalent cations
using batch and column methods. Cations such as Cd2+, Zn2+, Ni2+, Mg2+, Ba2+, Pb2+,
Mn2+, Co2+ and Cu2+ were removed from waste water when hydroxyapatite was placed in
contact with solution. There was a preferential selectivity of the amount of ions that were
removed by hydroxyapatite. The selectivity order of ion removal was reported to be as
follows: Cd2+ > Zn2+ > Ni2+ > Ba2+ > Mg2+. The selectivity order according to amount of
Cd2+, Zn2+, Mg2+, Ba2+ removed was determined using 400 cm3 volume of 100 ppm
solution for 30 minutes in a batch method at 20°C temperature. The hydroxyapatite used
had an individual surface area range between 45.3 m2/g to 62.8 m2/g. The removal of
Zn2+ and Ni2+ were compared using a column method and included in the order ranking
of selectivity.
Another study was conducted analyzing Pb2+, Mn2+, Co2+ and Cu2+ following two
hour contact with hydroxyapatite under conditions as mentioned above (Suzuki et al.,
1981, 1982, 1984). Hydroxyapatite particles with a smaller surface area (11.4 m2/g to 36
m2/g) were used in this study. The removal of lead correlated as a function of surface
area, with the smallest surface area (11.4 m2/g) yielding the lowest removal ratio. The
selectivity of ions was determined to be Pb2+ > Cu2+ > Mn2+ ≈ Co2+. It was concluded,
based on the slight change in pH values of Cd2+ (from pH 5.7 to pH 6.0) after being
reacted with synthetic hydroxyapatite, there may not have been precipitation of new
solids. This is an indication that ion-exchange may be the dominant mechanism in the
exchange of Ca2+ for Cd2+ in the apatite structure. However, a significant increase in pH
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value with the Pb2+ tests following two hour reaction with hydroxyapatite (pH 5.1 to 6.3)
as discussed by Ma et al. (1993) is due to dissolution of hydroxyapatite. Dissolution of
hydroxyapatite consumes H+ from solution, releasing Ca and P. This is followed by the
formation of new low solubility solid phases.

2.3. CHARGE COUPLED SUBSTITUTION
Simultaneous substitution of a divalent ion with a lower or higher charge ion
requires another substitution for charge balance. The charge coupled substitution reaction
in apatite at a single site (A site) as discussed by Hughes et al. (1989) is represented by:
2Ca2+ ↔ REE3+ + Na+
2Ca2+ ↔ Pu3+ + Cs+
Charge coupled substitution can also occur at multiple sites. A common example
of this process can be seen in the end members of plagioclase feldspars which are albite,
NaAlSi3O8 and anorthite, CaAl2Si2O8. As seen below, Na+ that was replaced with another
ion of different charge (Ca2+) in feldspars was balanced with a charge compensating ion
(Si4+ and Al3+) to allow a total charge balance of 5+ (Klein and Dutrow, 2008).
Na+ + Si4+↔ Ca2+ + Al3+
In the case of apatite, substitution of other elements can replace both Ca2+ and P5+
positions in the hydroxyapatite structure. A coupled substitution mechanism is used to
describe Si enrichment in apatites with respect to increasing REE content in alkaline
rocks was presented by Rønsbo (1989).
Ca2+ + P5+ ↔ REE3+ + Si4+
Ca2+ + P5+ ↔ Pu3+ + Si4+
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2.4. SORPTION PROCESSES
Ion sorption onto minerals may occur in several different ways such as surface
adsorption, absorption where ion diffuses into the solid, and precipitation on the surface
of the crystal (Stipp et al., 1992). Adsorption is important in the understanding of the
movement of contaminants in groundwater and dissolution rates of minerals.
Adsorption is the adhesion of solutes onto the surface of a solid and can be
subdivided into three categories:
a) Physical adsorption – Attraction of molecules to the surface of a solid from
the result of Van der Waals forces.
b) Electrostatic adsorption – Ion exchange process.
c) Chemical Adsorption – Molecule from the solute bonds chemically with
one or more atoms on the surface of the solid (Drever, 2002).

The remediation of contaminants through surface adsorption onto hydroxyapatite
occurs as a form of chemical adsorption. There are several ways of measuring if ions are
being removed through chemical adsorption and the extent of ion removal. Ion exchange
is described to be a stoichiometric process (Suzuki et al., 1981, 1982, 1984). Assuming
ions of interest in solution are in the form of 2+ or 5+ oxidation state (matching Ca2+ and
P5+ in the apatite structure), one mole of ion that is consumed from solution to be
accommodated in the apatite crystal structure via an ion exchange process will occur in
exchange for one mole of Ca2+ or P5+ which will be expected to be released into solution.
Another method of distinguishing between ion exchange or adsorption reactions
that can be used is by calculating the distribution coefficient, Kd value which is defined
by the molar ratio between the sorbed ion in the solid to the molar concentration of that
ion in the leachate solution under equilibrium or pseudo equilibrium conditions (ASTM,
2001). The Kd ratio can be experimentally determined following the ASTM D4319-93
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standard test method. The Langmuir and Freundlich Isotherms are models developed
which display the relationship between concentrations of an ionic specie that is adsorbed
with the concentration of an ionic specie that is released into solution. The highest Kd
value is obtained when ion concentration is lowest in solution (Drever, 2002).
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3. METHODS

3.1. HYDROXYAPATITE SYNTHESIS
The process for the synthesis of porous high surface area hydroxyapatite from
glass particles was developed and conducted by MO-SCI Corporation (Day, D.E. and
Conzone, D.E., 2002). Hydroxyapatite is prepared by reacting sodium or calcium-bearing
borate glass in a phosphoric acid solution. The sodium (Na+), calcium (Ca2+) and boron
(B3+) ions are released from the glass into solution while an amorphous calcium
phosphate surface layer forms following reaction between phosphate (

) or

hydroxide (OH-) ions with Ca2+. Eventually, the external layer of the amorphous calcium
phosphate begins to transform into hydroxyapatite. The external layer of hydroxyapatite
thickens inward as amorphous calcium phosphate continues to convert to hydroxyapatite.
This transformation proceeds until a fully reacted hydroxyapatite microsphere is formed.
This process has been conducted under conditions of 55°C for different P/Ca (P in
solution and Ca in glass) molar ratio and bath shaker speeds. The Brunauer Emmett
Teller (BET) measured surface areas of 155 to 200 m2/g, (a range from more than 30
batches) were produced with the 200 rpm shaker speed and a P/Ca molar ratio of 1.39
(Tables 3.1 and 3.2).

Table 3.1. Specific surface area of converted hydroxyapatite as a function of
P/Ca molar ratio.
Bath Shaker Speed
P/Ca
BET Specific Surface Area
(rpm)

(molar ratio)

(m2/g)

100

1.04

90 to 100

100

1.39

110 to 150
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Table 3.2. Specific surface area of converted hydroyapatite as a function of bath
shaker speed.
Bath Shaker Speed
P/Ca
BET Specific Surface Area
(rpm)

(molar ratio)

(m2/g)

100

1.39

110 to 150

100

1.39

155 to 200

The transformation from sodium or calcium bearing borate glass to
hydroxyapatite produced microsphere particles is displayed in Figures 3.1a and 3.1b. A
higher magnification image shows the appearance of porous hydroxyapatite crystals on
the external surface of the microsphere (Figure 3.1c).
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(a)

(b)

(c)

Figure 3.1. Figure (a) and (b) are secondary electron images of hydroxyapatite
microspheres transformed from calcium borate glass taken using the Scanning Electron
Microscope (SEM). Figure (c) is an image of the external surface of hydroxyapatite
microsphere at high magnification.

The X-ray diffraction pattern (XRD) of a high surface area (>200 m2/g)
hydroxyapatite produced using the method mentioned above was compared with
commercial hydroxyapatite that had 44 m2/g surface area (Figure 3.2 and 3.3) The
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diffraction pattern shows peaks of hydroxyapatite formed from borate glass in phosphoric
acid correlated with commercial hydroxyapatite, even though the former had a surface
area that was more than five times greater than the latter. A higher sorption potential was
expected for the high surface glass-derived hydroxyapatite. The X-ray diffraction pattern
for the recycled hydroxyapatite from the reprocessing of light bulbs can be seen in Figure
3.4. It was later noted that a different fluorescent agent, possibly yttrium oxide was used
in the light bulbs (Figure 3.5).

Figure 3.2. X-ray diffraction (XRD) spectra from the hydroxyapatite produced by MOSCI Corporation using the conversion of calcium borate glass in phosphoric acid. The
blue lines are expected peak heights and diffraction angels of hydroxyapatite as provided
by International Committee of Diffraction Data ICDD, USA (JCPDS-ICDD file number
72-243).
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Figure 3.3. X-ray diffraction pattern (XRD) for commercial hydroxyapatite.

Figure 3.4. X-ray diffraction pattern (XRD) for recycled hydroxyapatite from
reprocessing of fluorescent light bulbs.
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Figure 3.5. X-ray diffraction pattern (XRD) for yttrium oxide from reprocessing of
fluorescent light bulbs.

A barium phosphate sorbent material was also prepared by using a barium borate
glass which had undergone the same transformation process as used for hydroxyapatite
production. The characterization data barium phosphate is provided in Figure 3.6. The
preparation and characterization of all hydroxyapatite and barium phosphate was carried
out by MO-SCI Corporation. All figures and data were produced by MO-SCI
Corporation and information presented is parallel to this research project.
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Figure 3.6. The X-ray diffraction pattern (XRD) of barium phosphate solid after borate
glass undergoes transformation when reacted with phosphoric acid (black line). Expected
peak heights and diffraction angles for two potential barium phosphate phases are
represented by blue and red lines are with reference to International Committee of
Diffraction Data ICDD, USA (blue lines - JCPDS-ICDD file number 33-1210; red lines –
JCPDS-ICDD file number 25-0927).

3.2. STATIC BATCH TEST
Static batch tests were conducted in 40 mL Teflon vessels (Figure 3.7). Teflon
vessels were cleaned following the Product Consistency Test (PCT) procedure (ASTM C
1285-94, 1995). For cleaning, the vessels and lids were soaked in 2% HNO3 and left in
the oven for two hours at 90°C temperature. Vessels were then rinsed thoroughly with
deionized water, and filled 80-90% full with fresh deionized water. The lid of the vessels
were closed partially and left in the oven at 90°C overnight for a minimum of 16 hours.
The vessels were then removed from the oven and allowed to cool to room temperature.
The pH of deionized water in the vessels was measured to make sure that the pH readings
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were within the range of 5.00-7.00. Vessels that passed the pH test were dried at 90°C for
a minimum of 16 hours and stored in clean zip lock bags until needed.
The sorption performance of hydroxyapatite in the removal of ions was tested via
the static batch test. Three different batches of hydroxyapatite were used for these tests.
Each labeled with a production date. First batch had a date label 12/3/2008, second batch
was undated and third batch had preparation date 10/7/2009. All batches of
hydroxyapatite had a specific surface area of 191.4 m2/g. There were no known
differences between each batch of hydroxyapatite. Bulk leachant solutions for the tests
were prepared to specific ion concentrations using (1) weight determinations of solids
that were dissolved in high purity deionized water (≥18.0 MΩ resistance) and (2) dilution
of standard solutions with known concentrations with deionized water (Table A.2). The
leachant preparations for tests that were conducted by MO-SCI Corporation were not
provided.
Leachant solutions were then added in the vessels with high surface area nanosize
hydroxyapatite crystals to a mass ratio of 1.5 grams of hydroxyapatite for 30 grams (ml)
of leachant solution. Several tests were conducted at various time intervals of 2, 4, 8, 24,
48 and 120 hours in Teflon reaction vessels at room temperature. In order to check the
precision of the results, triplicate experiments were conducted at a specific time period
for each batch of leachant element. This step was done to determine the degree to which
the measurement results will repeat under the same, unchanged conditions. After the
predetermined reaction time, the leachant solution was separated from the reacted
hydroxyapatite solids and filtered using a 20 mL syringe with 0.45 μm acetate cellulose
filter and split into aliquots for cation and anion analysis. High purity nitric acid, HNO3,
was then added to stabilize the solution for cation analysis using the Inductively Couple

21
Plasma-Mass Spectroscopy (ICP-MS) or Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES) depending on the elements of interest. Reacted hydroxyapatite
solids with selected ions were preserved and dried in a 50 mm x 9 mm petri dish for acid
digestion, optical examination or SEM analysis (Figure 3.8).
The same procedure as described above was repeated by running leachant blank
tests for 24 hours. Chemical analyses were also carried out on unfiltered leachant
solutions. The concentration measurements from both tests were then compared (Table
A.3). There was a significant loss of concentration detected in the Cs, Ce3+, Ce4+ and Ho
samples. This was most likely due to filtering of particulate material from the blank test
leachant solutions using the 0.45 μm acetate cellulose filter. There were also no redox
control measures taken to prevent ions from changing oxidation states, which may lead to
changes in solubility and precipitation of solids. However, no solids were visible in
leachant solution bottles. The small decrease in concentration exhibited by the other
samples from the blank test may have been adsorbed to the Teflon vessel walls and/or
precipitated as a solid. Blank tests with deionized water were run as well where a Teflon
vessel was filled with 30 mL of deionized water for 24 hours. The purpose of blank test
with deionized water is to ensure the purity of the deionized water used in these static
batch experiments and detect if there were any foreign impurities that might be present
which may have interfered with test results. The results from the blank test with
deionized water experiments showed concentration below detection for most elements
measured except for strontium and cesium, both with a concentration of 0.3 ppm (Table
A.4). By comparison, deionized water from McNutt room 144 deionization column
detected concentrations of Sr and Ce that were below detection limit. Therefore, the
source of Sr, Ce and U may likely be from the Teflon vessels and not the water source.
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Figure 3.7. Teflon vessels filled with 1.5 grams of hydroxyapatite with 30 mL of solution
involving ion of interest. The amounts were measured using weight determination on a
1:20 ratio (1.5 g of hydroxyapatite : 30 g of solution assuming fluid density is 1 g/mL).

Figure 3.8. Reacted hydroxyapatite particles are stored in a 50 mm x 9 mm petri dish and
left to dry for later solid phase hydroxyapatite analysis.
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3.3. pH ANALYSIS
After undergoing static batch test for the prescribed amount of time, a small
amount of unfiltered solution was collected for pH analysis to detect any change in pH
following reaction between solution of interest and hydroxyapatite. The instrument used
for this analysis is Orion 520A pH meter. The pH meter was calibrated prior to
measurement using standards with pH 4.00, 7.00, and 10.00 prior to pH reading. The pH
readings during calibration were accepted when it falls within pH 4.00±0.05, 7.00±0.05,
and 10.00±0.05. The accuracy of the measurement is determined by taking a pH reading
of the pH 7.00 standard following calibrations (Table A.5).

3.4. ICP-OES/ICP-MS ANALYSIS
The instrument used for calcium and phosphorus analysis is the Perkins-Elmer
Optima 2000 DV Inductively Coupled Plasma/Optical Emission Spectrometer. The
leachant and leachate solutions were diluted in a 1:10 ratio using 1 mL of leachant
solution and 9 mL of 1% HNO3 solution. Occasionally, the dilution ratio was adjusted if
concentration readings did not fall within the instrumental calibration range. The
calibrations were set up using 0.1, 1, 10 and 100 ppm calcium and phosphorus standards.
The 100 ppm standard was prepared by mixing 1 mL of 1000 ppm Ca, 1 mL of 1000 ppm
P and 8 mL of 1% HNO3 solution. The remaining 0.1, 1, 10 ppm standards were prepared
by diluting the previous solution. The blank used for the ICP is 1% HNO3. A quality
control check is also done on the standards every ten samples and after the run to
determine the accuracy of the readings. The accuracy (percent variation from the
expected value) of measurements obtained with respect to the standards with known
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concentration, fall within the range of 1%-8% for both Sr and REE samples (Tables A.6
and Table A.7).
The remaining elements of interest were analyzed using Perkin-Elmer Elan DRCe Inductively Coupled Plasma/Mass Spectrometer, as the ICP-MS has higher sensitivity
and has the potential to evaluate solutions of low concentrations (ppb values). The
instrument was calibrated using standards diluted to 0.1, 1, 10, and 100 ppb and 1%
HNO3 was used for the blank test. The preparation and calibration of standards is
repeated if concentration readings of standards are not within 5% higher or lower than
known concentration. The dilution ratio of samples using 1% HNO3 were adjusted to fall
within the calibration range and later corrected during tabulation of data. The accuracy
for Sr from the sorption test are better than 0.08% (Table A.8). The results from the
portable pump filter experiments with Sr and Nd, and the Pb sorption test have an
accuracy of better than 3% (Table A.9). The accuracy from the arsenic sorption test falls
within the range of 0.06-0.57% (Table A.10) and the mixed cation analyses measure
better than 0.2% accuracy (Table A.11). Finally, the REE sorption tests measures better
than 10% accuracy (Table A.12). Calibration data from the experiments conducted by
MO-SCI Corporation were not presented in the appendices.

3.5. SCANNING ELECTRON MICROSCOPY (SEM) ANALYSIS
Unreacted hydroxyapatite crystals and hydroxyapatites that have been reacted
with strontium for two hours were attached on an aluminum stud with carbon paste. The
specimens

were

then

sputter-coated

with

Au-Pd

(Gold-Palladium)

because

hydroxyapatite is not a conductive material. This prevents overcharging of the sample
when electrons generated from the beam through the specimen to ground accumulate,
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thus increasing the local potential. A secondary electron image was captured at a working
distance of 25mm and an accelerating voltage of 10 kV to obtain a surface topography
view of an unreacted hydroxyapatite crystal using the Hitachi S-570 scanning electron
microscope (SEM). Backscatter images using the solid state detector in both sum mode
(COMPO) and difference mode (TOPO) were acquired. A working distance of 10 mm
was used to provide a smaller spot size and to improve the image resolution.

3.6. RINSE AND DIGESTION OF REACTED HYDROXYAPATITE SOLIDS
Rinsing, of the reacted solid hydroxyapatite samples were carried out to remove
any soluble salts that may have precipitated on the samples from the fluid residue
remaining on the samples at the end of the testing period. A rinsing vessel was prepared
by removing the top portion of a 1000 ml volume Nalgene plastic bottle (Figure 3.9) and
its center part of the lid (Figure 3.10). The rinsing of the solids was done by setting a
piece of nylon sieve filter (7 µm pore size) supplied by Vorti-Siv between the top part of
the Nalgene bottle and tightening with the lid. The “custom made filter” was then placed
in the mouth of a beaker (Figure 3.11). For every one gram of reacted hydroxyapatite
solids, 20 mL of high purity deionized water was used to rinse the solid particles. This
step was repeated twice with a total of three rinses. The rinsed solid particles were then
dried in an oven overnight at a temperature of 100°C.
After the hydroxyapatite solid particles were dried, 0.2 grams of hydroxyapatite
were weighed to 0.0001 g accuracy and transferred into a 30 mL Nalgene bottle. The
Nalgene bottle was then filled with 20 mL of deionized water followed by the addition of
1 vol% (0.2 mL of HNO3) of high purity nitric acid (HNO3) to dissolve the solids. The
resulting digestion solutions were then analyzed by ICP-MS or ICP-OES.
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Figure 3.9. The top portion of a 1 liter Nalgene bottle that is cut out.

Figure 3.10. The lid of the Nalgene bottle with its middle portion carved out.
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Figure 3.11. The 7 µm pore size nylon sieve filter supplied by Vorti-Siv placed on the
mouth of the top portion of Nalgene bottle and tightened with the lid. The custom made
filter is then inserted in the mouth of a beaker. The reacted hydroxyapatite particles are
placed on the nylon sieve filter, rinsed with deionized water.
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4. RESULTS

4.1. STRONTIUM SORPTION TEST
The synthetically produced hydroxyapatite exhibited promising results in
removing Sr2+ through static batch tests. The initial leachant concentration was 1.26x10-2
molal (1102 ppm) and was reduced to 7.58x10-6 molal (0.7 ppm) within 24 hours (Table
4.1; Figure 4.1). The amount of Ca2+ that was released into the solution by
hydroxyapatite was also analyzed and it peaked after four hours of reaction at 1.6x10-4
molal (6.4 ppm). The potential of recycled phosphate material in removing Sr2+ was not
as effective as hydroxyapatite where the concentration of Sr2+ dropped from 1.26x10-2
molal (1102 ppm) to 7.76x10-3 (680.3 ppm) within eight hours of testing (Table 4.2).
However, the Ca2+ concentration released into the solution throughout the testing period
was within the range of 2x10-4 molal (8.5 ppm) to 5x10-4 molal (10.8 ppm). There was a
substantial increase in pH in all tests, with an initial pH of 5.57 increasing to 8.98 in the
Sr with hydroxyapatite samples and 8.77 in Sr with recycled calcium phosphate samples.
The unreacted hydroxyapatite image obtained in Figure 4.2 appears different from
the unreacted hydroxyapatite microspheres presented in Figure 3.1a. This is most likely
because the hydroxyapatite solids used shown in SEM image were from a different batch
of hydroxyapatite and not from the three batches of hydroxyapatite provided. The
hydroxyapatite solids that were observed under the microscope displayed angular edges.
The average particle size from the unreacted hydroxyapatite from Figure 4.2 was
54.88±0.82 µm (95% confidence). The size distribution for hydroxyapatite after reaction
with strontium yielded an average of 23.4µm ± 1.67µm (95% confidence) (Figure 4.3).
The unreacted hydroxyapatite from three different batches of hydroxyapatite used in
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these experiments (dated 12/3/2008, undated and 10/7/2009) were studied under an
optical microscope at 10x and 40x magnification. The seggregation by particle size was
done by agitating a delivery jar containing unreacted hydroxyapatite as smaller particles
were expected to settle to the bottom of the delivery jar. Hydroxyapatite particles were
collected from both the surface and the bottom section of the delivery jar and compared
under the microscope. There was a homogenous mixture of particle sizes from the
hydroxyapatite collected off the bottom section of delivery jar ranging from 10-75 µm.
The majority of the particles collected off the surface were larger particles (38-78 µm).
This indicate hydroxyapatite particles had segregated by particle size. The topographic
image of the hydroxyapatite particles is shown in Figure 4.4.

Table 4.1. ICP-MS Results – Hydroxyapatite tests with strontium.
Time

Concentration (ppm)

Molal Concentration

pH

(hours)

Ca

P

Sr

Ca

P

Sr

Leachant

<0.1

<0.1

1102.0

<2.50E-06

<3.23E-06

1.26E-02

5.57

2

0.6

239.0

1.6

1.45E-05

7.70E-03

1.81E-05

8.88

4

6.4

298.0

1.4

1.60E-04

9.61E-03

1.54E-05

8.92

8

0.6

273.0

1.0

1.38E-05

8.80E-03

1.20E-05

8.94

24

0.5

274.0

0.7

1.18E-05

8.83E-03

7.58E-06

120 a

0.5

290.0

1.0

1.24E-05

9.37E-03

1.10E-05

120 b

0.5

276.0

0.8

1.21E-05

8.91E-03

9.21E-06

120 c

0.4

279.0

0.8

1.11E-05

8.99E-03

9.33E-06

8.98
Not
tested
Not
tested
Not
tested
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Table 4.2. ICP-MS Results – Hydroxyapatite tests with recycled calcium phosphate.
Time
(hours)
2

Concentration (ppm)
Ca
P
Sr
8.5
0.2
805.0

Molal Concentration
Ca
P
Sr
2.12E-04 6.08E-06 9.18E-03

pH
8.77

4
8

8.0
10.8

0.4
0.1

788.0
680.0

1.99E-04
2.70E-04

1.43E-05
2.65E-06

8.99E-03
7.76E-03

8.59
7.95

24

14.0

0.3

692.0

3.50E-04

8.67E-06

7.90E-03

120 a

20.9

0.1

738.0

5.23E-04

2.65E-06

8.43E-03

120 b

19.8

0.1

706.0

4.95E-04

3.33E-06

8.06E-03

120 c

20.1

0.1

734.0

5.03E-04

2.91E-06

8.38E-03

8.29
Not
tested
Not
tested
Not
tested

Figure 4.1. The concentration of strontium with respect to contact reaction time with
hydroxyapatite and recycled calcium phosphate (CaPO4). Synthetic hydroxyapatite
appeared to be more effective in the removal of Sr2+ compared to recycled apatite. The
majority of ions were removed within two hours of reaction.
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Figure 4.2. The secondary electron image of unreacted hydroxyapatite crystals with a
known size range of 45µm - 75µm. The average particle size shown in the figure is
54.88±0.82 µm.

Figure 4.3. Hydroxyapatite particles following reaction with strontium for two hours
appear to be much smaller relative to unreacted sample from Figure 4.2. The average
particle size in the image is measured to be around 23.4µm ± 1.67 µm (95% confidence)
by using the “Analyze Particles” feature in ImageJ software.
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Figure 4.4. Topographic image captured by the SEM showing hydroxyapatite crystals
that were reacted with strontium for two hours.

4.2. LEAD SORPTION TESTS
A bulk lead carbonate, PbCO3 solution was prepared by dissolving solid PbCO3 in
1% HNO3. Any solids that were potentially not solubilized were filtered out using 0.45
μm cellulose acetate filter prior to testing. The mineral cerussite (PbCO3) has a very low
solubility in neutral pH water of 3.8 x 10-7 molal (Ksp=1.5x10-13). Duplicates of leachant
solutions (~pH 6.6) were analyzed and both displayed about the same concentration of
1.90 x 10-5 molal and 1.89 x 10-5 molal (3.94 ppm) which was still above the saturation
equilibrium level expected for PbCO3. This might be due to higher dissolved CO2 which
increased the acidity of the solution, which in turn, increasing the dissolved Pb2+
concentration.
Approximately 99.99% of the Pb2+ was removed from the leachant solution
within the first two hours of the test achieving a final concentration of 3.25 x 10-9 molal
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(0.67 ppb) (Table 4.3). There were still increasing amount of Pb2+ being removed up to
24 hours of testing with an average concentration of 4.87 x 10-10 molal and standard
deviation value of 2.67 x 10-10. There was no distinct difference in the concentration
between the 24 hour tests and 120 hour test (Table 4.3; Figure 4.5). The instrument used
(ICP-MS) was calibrated to the lowest detection limit of 0.1 ppb. Figure 4.5 compares a
very small range of concentration from below detection limit to 1.0 ppb. The
concentration of the four hour sample appeared to be slightly higher (0.34 ppb difference)
than the two hour sample. This may likely be due to random sorption kinetics on particles
or particle size differences.
The pH levels of the Pb2+ samples following contact with hydroxyapatite
increased from pH 6.58 and final pH are within the range of 8.40-8.45. This correlates
with results reported by Ma et al. (1993).
Table 4.3. The concentration of Pb2+ in ppb and molal following reaction
with hydroxyapatite at different time periods.

Time (hours)
Leachant
Leachant
duplicate
Leachant blank
2
4
8
24h(a)
24h(b)
24h(c)
120h

Concentration
ppb
molal
3920.00
1.89E-05

pH
6.58

3960.00
3490.00
0.67
1.01
0.24
0.15
0.04
0.12
0.10

6.56
8.40
8.43
8.35
8.43
8.43
8.45
8.40

1.91E-05
1.68E-05
3.25E-09
4.89E-09
1.17E-09
7.16E-10
1.93E-10
5.56E-10
4.74E-10
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Figure 4.5. Th
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subjected to the reducing agent, tin chloride (SnCl2). The tests with As5+ reduced to As3+
had concentration of ~0.01 molal (962 ppm) decreased to 0.002 molal (150 ppm) As5+
concentration within six hours of testing. This result displayed similar effectiveness with
previously discussed tests involving As3+ without the reducing agent.
Another approach was used in an attempt to improve adsorption of As5+. Excess
phosphorus that may have been present in the synthetic hydroxyapatite was converted
into additional hydroxyapatite by adding calcium chloride (CaCl2) into the initial static
batch test setup. This approach was very promising because the maximum As5+ removal
was achieved within 24 hours (Table 4.4; Figure 4.6). The initial leachant concentration
was 1.58 x 10-3 molal (118 ppm), and approximately 98% of As5+ was removed yielding
a final average concentration of 3.32 x 10-5 molal (2.5 ppm) in 24 hours.

Table 4.4. The ICP-MS results from the reaction of hydroxyapatite with As5+, As3+ , As5+
with reducing agent SnCl2, and As5+ with CaCl2.
Contact time
Concentration (ppm)
(hours)

As5+

As3+

As5+ with reducing agent

As5+ with CaCl2

0
2
4

972
865
912

962
128
167

125
11.2
4.1

6

not tested

162

not tested

8
24
48
120

not tested
804
749
778

732
302
341
not
tested
306
323
269
232

not tested
not tested
not tested
not tested

6.1
2.5
not tested
2.6
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4.6). The concentration of Ce containing both ionic forms (1,279 ppm) is obtained by
adding concentrations from the blank tests from both Ce3+ and Ce4+. A significant amount
of Ce was removed from the sample with both ionic forms Ce3+ and Ce4+ present acquires
a final concentration of 1.79 x 10-7 molal (25.1 ppb). The removal of cerium in the two
samples of Ce3+ and combined Ce3+ and Ce4+ was enhanced through the addition of Cs+
as a charge compensating ion (e.g. Ce3+ + Cs+ ↔ 2Ca2+). The presence of combined NaSi together with Ce3+ also improved the removal potential of hydroxyapatite but there
was no difference in concentration when Cs+ was added into the combination as a charge
compensating ion along with Na-Si (Figure 4.7).
The role of compensating ions in the removal of Ce4+ is studied following the
mixing matrix setup shown in Table 4.7. Hydroxyapatite also displayed effectiveness in
removing Ce4+ with a distinct drop from 4.00x10-3 molal (606 ppm) to 1.66 x 10-5 molal
(2.324 ppm) within 24 hours after undergoing static batch test (Table 4.8). The addition
of Na+ and Si4+ ions enhanced the removal of Ce4+ (Figure 4.8). However, adding Cs+
into the combination seemed to hinder the removal of Ce4+ yielding a higher
concentration compared to the samples which had Na-Si added without Cs+. The
combination of mixed Ce3+, Ce4+ and Cs+ yielded the lowest concentration of 2.65 x 10-8
molal (4.0 ppb) in the matrix.
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Table 4.5. The mixing matrix for the Ce3+ analysis in the coupled substitution
mechanism. Each column represents 1/3rd molal portion of the solution mixture. DIW
stands for deionized water. Note that ICP-MS does not distinguish elements of different
charge. Therefore, a combination of Ce3+ and Ce4+ yields a total concentration of 6.66x103
molal, or 2/3 of the 0.01 molal final concentration.
Mix
Ce3+

DIW

DIW

3+

Ce

4+

DIW

Ce3+

Cs

DIW

Ce3+

Ce4+

Cs+

Ce3+

Si-Na

DIW

Ce3+

Cs+

Si-Na

Ce

Table 4.6. The concentration of Ce and Cs analyzed from the mixing matrix with
reference to Table 4.5 for Ce3+ tests. Experiments are 24 hour tests. Samples with
combined Ce3+ and Ce4+ had Ce concentration removed from an initial leachant
concentration of 6.66x10-3 molal. The role of compensating ions (Ce4+, Cs+ and
combined Na-Si) in this mixing matrix increased the potential of cerium removal from
solution. The chemical analysis method (ICP-MS) used to obtain values of Ce
concentration is not able to distinguish Ce3+ from Ce4+.
Samples
Leachant Ce3+
Blank test Ce3+
Ce3+
Ce3+, Ce4+
Ce3+, Cs+
Ce3+, Ce4+, Cs
Ce3+, Na, Si
Ce3+, Cs, Na, Si

Concentration in ppb
Ce
Cs
1,504,000.00
<0.1
673,000.00
<0.1
18.00
8.93
25.10
7.11
7.87
366,190.00
3.71
359,470.00
6.44
25.97
6.76
1,017,762.00

Molal Concentration
Ce
Cs
0.01
<7.52E-10
4.81E-03
<7.52E-10
1.29E-07
6.72E-08
1.79E-07
5.35E-08
5.62E-08
2.76E-03
2.66E-08
2.71E-03
4.60E-08
1.96E-07
4.82E-08
7.66E-03

Ce (molal)
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m
Mix
Ce4+

DIW

DIW

Ce4+

Ce3+

DIW

Ce4+

Cs+

DIW

Ce4+

Ce3+

Cs+

Ce4+

Si-Na

DIW

Ce4+

Si-Na

Cs+

40
Table 4.8. The concentration of Ce and Cs measured from the mixing matrix with
reference to Table 4.7 for Ce4+ tests. Cations used as compensating ions are Ce3+, Cs+ and
combined Na-Si. Solution was reacted hydroxyapatite for 24 hours.
Samples
Concentration in ppb
Molal Concentration
Ce

Cs

Ce

Cs

Leachant Ce4+

1,293,000.00

<0.1

0.01

<7.52E-10

Blank test Ce4+

606,000.00

<0.1

4.00E-03

<7.52E-10

2,324.00

<0.1

1.66E-05

<7.52E-10

Ce3+, Ce4+

25.00

7.1

1.79E-07

1.89E-07

Ce4+, Cs

17.00

361,000.00

1.20E-07

1.26E-07

Ce3+, Ce4+, Cs

4.00

359,000.00

2.65E-08

2.79E-08

Ce4+, Na, Si

17.00

5.80

1.24E-07

1.31E-07

Ce4+, Cs, Na, Si

75.00

355,000.00

5.33E-07

5.62E-07

Ce4+

Figure 4.8. The concentration of Ce following a 24 hour test with hydroxyapatite
displaying the effectiveness of coupled substitution mechanism on Ce4+.
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4.4.2. Cesium Removal. The mixed cation analyses for cesium removal were
conducted according to mixing matrix shown in Table 4.9. The amount of cesium that
was reduced from a leachant concentration was approximately 37.9%, which is from
~564,700 ppb (4.24x10-3 molal) with the blank test to ~350,400 ppb (2.64x10-3 molal)
after 24 hours of reaction with hydroxyapatite (Table 4.10). The removal of Ce3+
increased with presence of Cs. Conversely, Cs removal was diminished in the presence of
Ce3+ (Figure 4.9). The mixture of Cs and Ce4+ on the other hand, displayed only slightly
better results on Cs removal compared to combined Cs and Ce3+, and still had adverse
effects on Ce removal relative to tests where only Cs was in contact with the
hydroxyapatite. There was no distinct difference in leftover Cs concentration when Ce of
both valence charges is present with respect to the Cs and Ce4+ sample. When Na-Si was
added into the combination of Cs+ and Ce3+, the potential of Cs to be removed was
greatly reduced, producing the highest concentration among all the mixed cations
samples in the Cs matrix indicating it is the least effective combination. The adsorption
of Cs by hydroxyapatite was slightly enhanced when Cs was mixed with only Na-Si. All
values displayed by the cesium test had slight variations between the ranges of 345,600
ppb – 385,200 ppb (0.0026 molal – 0.0029 molal).
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Table 4.9. The mixing matrix used to study Cs+ removal with presence of mixed cations
through the coupled substitution mechanism.
Mix
Cs+

DIW

DIW

Cs+

Ce3+

DIW

Cs+

Ce4+

DIW

Cs+

Ce3+

Ce4+

Cs+

Si-Na

DIW

+

Si-Na

Ce3+

Cs+

Si-Na

Ce4+

Cs

Table 4.10. Concentration of Ce and Cs with reference to the mixing matrix from Table
4.9. The mixed cations with Cs were reacted with hydroxyapatite for 24 hours.
Concentration in ppb
Molal Concentration
Ce

Cs

Ce

Cs

Leachant Cs

<0.1

1,444,000

<7.14E-10

1.09E-02

Blank Test Cs

<0.1

564,700

<7.14E-10

4.24E-03

Cs

<0.1

350,400

<7.14E-10

2.64E-03

Cs, Ce3+

7.9

366,200

5.638E-08

2.72E-03

Cs, Ce4+

16.8

361,600

1.199E-07

2.71E-03

Ce3+, Ce4+ , Cs

3.7

360,500

2.641E-08

2.71E-03

Cs, Na, Si

<0.1

345,600

<7.14E-10

2.60E-03

Cs, Na, Si, Ce3+

6.8

385,200

4.853E-08

2.90E-03

Cs, Na, Si, Ce4+

74.7

355,000

5.331E-07

2.67E-03
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> Ce4+ (Figure 4.10; Table A.14). Trivalent cerium was not included in the order of ion
removal preference because the tests were conducted by MO-SCI Corporation using a
different starting concentration of ~0.01 molar while the other REE3+ had an initial
concentration of ~0.001 molar. No experiments were done for trivalent cerium in the
REE removal tests at 168 and 504 hours. The results from the REE sorption test exhibit
poor precision. The potential of reproducibility seen in triplicate experiments for the REE
sorption tests following contact time with hydroxyapatite for 24 and 168 hours were not
very consistent. The average and standard deviation values for triplicate experiments are
shown in Table A.14.

Figure 4.10. Adsorption effect of REE at 2, 4, 8, 24, 48, 120,168 and 504 hour time
periods. Hydroxyapatite is a lot more effective in adsorbing trivalent REE compared to
the tetravalent Ce4+. Triplicate samples were prepared for the 24 hour and 168 hour
reaction time samples to test the repeatability of results.
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The analysis for Ca and P was conducted on the ICP-OES to determine the
amount of Ca and P that were released into solution during the uptaking of REE3+ by
hydroxyapatite (Figure 4.11). The highest concentration of Ca was detected in the 504
hours Lu3+ sample with an amount of 0.015 molal (610 ppm) while Nd3+ displayed the
lowest concentration of Ca released (0.005 molal) (Table A.16). The preference for the
removal of trivalent REEs based on the Ca and P measured is Lu3+ > Ho3+ > La3+ > Gd3+
> Nd3+>Ce4+. The selectivity for ion removal based on Ca and P released into solution
does not correlate well with the REE ions removed (Figure 4.11). However, there is a
correlation in the variation of Ca2+ and P5+ measured. The molar ratio of Ca/P in starting
hydroxyapatite phase is expected to be 1.66 (Ca:P = 5:3). The Ca that was released into
solution for the 504 hour experiments was higher that 1.66 with a molar ratio Ca/P > 2
for all REE3+ samples (Table A.16). The reaction between hydroxyapatite with Ce4+

Concentration (molal)

released higher amounts of P than Ca.

0.016
0.014
0.012
0.01
0.008
0.006
0.004
0.002
0

Concentration
of Ca (molal)

Concentration
of P (molal)

Ce4+

La

Nd
Gd
Elements

Ho

Lu

Figure 4.11. The concentration of Ca and P that was released into solution following
reaction with hydroxyapatite for 504 hours. The Ce3+ samples were not measured for
Ca2+ and P5+.
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4.6. IODINE SORPTION TEST
The potential of utilizing hydroxyapatite as an anion exchanger is evaluated by
reacting hydroxyapatite with calcium iodide (CaI2). This test was unsuccessful because
there was no change of concentration detected (0% removal) from the initial leachant
concentration of ~0.0017 molal after 120 hours of contact with hydroxyapatite.

4.7. CESIUM SORPTION TEST WITH BARIUM PHOSPHATE
Barium phosphate was synthesized in the same manner as hydroxyapatite. A
cesium nitrate (CsNO3) leachate solution was reduced to a concentration of 1518 ppm
(0.0114 molal) from an initial leachant concentration of 1579 ppm (0.0118 molal)
following reaction with barium phosphate for 48 hours in a static batch mode setup. The
attempt to remove Cs using BaPO4 was therefore considered to be unsuccessful. The
cesium sorption test with barium phosphate is in contrast with the hydroxyapatite
sorption test. The starting concentration was 563.7 ppm (4.24 x 10-3 molal) and measured
concentration after 24 hour reaction with hydroxyapatite was 350.4 ppm (2.64 x 10-3
molal). This calculates a 37.84% removal. The removal of cesium by hydroxyapatite
appears to be more effective than barium phosphate.

4.8. REACTED HYDROXYAPATITE ANALYSIS
The reacted hydroxyapatite solid particles from the Ce4+ batch tests were digested
and analyzed to measure the amount of Ca2+ that has been replaced by Ce4+ in the
hydroxyapatite crystal structure. The concentration values appeared to oscillate over time
but tend to be the highest for the longer term samples as would be expected since these
removed the greatest amount of Ce4+ from solution as noted in leachate solution analyses
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Table 4.11. Comparison of the amount of Ce (in weight percentage) analyzed by ICP-MS
for digested hydroxyapatite and the calculated value of the amount of Ce removed from
leachate solution after solution contact.
Contact time
Amount Ce removed from
Amount Ce measured from
(hours)
leachate solution (wt%)
reacted hydroxyapatite (wt%)
2
0.363
0.018
4
0.358
0.014
8
0.361
0.011
24a
0.363
0.016
24b
0.360
0.019
24b
0.361
0.033
48
0.363
0.016
120
0.355
0.010
168a
0.363
0.036
168b
0.360
0.032
168c
0.362
0.033
504
0.364
0.015
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5. DISCUSSION

5.1. STRONTIUM REMOVAL
The ability of hydroxyapatite to incorporate the radioisotope Sr-90 has been
studied as it poses a threat to health with its long half life of 28.5 years and common
substitution for calcium in human bones (Narasaraju, 1996). It is known to be a byproduct of the nuclear fission process. There are two potential Ca2+ sites in the
hydroxyapatite structure; Ca10(PO4)6(OH)2 that will allow substitution of Sr2+ ions. The
removal of Sr2+ was tested by using either synthetically produced hydroxyapatite, or
recycled phosphate waste material that was recovered from reprocessing fluorescent light
bulbs. The correlation between the Sr2+ removed and Ca2+ released can be observed in
Figure 5.1.
Hydroxyapatite solids that were collected from the bottom of delivery jar
displayed a heterogenous mix of sizes ranging from 10-75 µm size particles. The
majority of the particles collected from the top portion of the delivery jar were bigger
particles (40-75 µm). This suggests that the difference of particle sizes between Figure
4.2 and 4.3 (where the particle sizes in Figure 4.3 appear smaller) may have been due to
the seggregation of particles by size and not the result of reduction in particle size caused
by dissolution of hydroxyapatite. The low amount of Ca released into solution does not
strongly support the occurence of hydroxyapatite dissolution.
The lack of correlation between strontium removal and calcium released into
solution indicates that the Sr2+ removal may not have occurred solely through the ion
exchange mechanism in the solids (Sr2+  Ca2+) because the amount of Sr2+ removed
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0.012 molal (1101 ppm) is 2000 times greater than Ca2+ released into the solution
1.24x10-5 molar (0.5 ppm) (Figure 5.1).
The low sorption potential of As5+ by hydroxyapatite may be an indication that
the hydroxyapatite used had excess phosphorus (Section 4.3). The high amounts of Sr
removed with small amounts of Ca released into solution suggest the presence of
phosphorus in excess of what would be needed for hydroxyapatite in the hydroxyapatite
phase. The excess phosphorus was possibly sequestered together with Sr from solution to
form Sr-bearing apatite. Since the recycled phosphate waste material also contains a
considerable proportion of crushed glass fragments, it is possible that there is
precipitation of another Sr-bearing phase(s) forming as an alteration product during the
experiments.
The substantial increase in pH from 5.57 to 8.98 in the hydroxyapatite samples
(Table 4.1) over time may have been caused by the excess phospohrus consuming
hydrogen ions (H+) from solution to form conjugate ions of phosphoric acid (H3PO4)
such as hydrogen phosphate (

) and dihydrogen phosphate (

) ions.

The electronegativity of Sr (0.95) which is very close to the electronegativity of
Ca (1.00) may possibly be a contributor in the substitution process.
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Figure 5.1. The concentration of calcium released into solution vs. strontium removed
from solution. The calcium released into solution is about 1000 times lower than
strontium removed from solution for the hydroxyapatite samples, and 100 times lower for
the calcium phosphate samples.
The substitution of Sr2+↔Ca2+ occurs following the reaction below (Narasaraju,
1996):
Ca10(PO4)6(OH)4 + nSr2+ → SrnCa(10-n)(PO4)6(OH)2+nCa2+

The results that were discussed above were in contrast with the results reported
by Lazić and Vuković (1991) in their studies. The Ca2+/Sr2+ (ratio of Ca2+ released into
solution to Sr2+ removed) obtained via the batch method was close to one. The Ca2+/Sr2+
ratio and the minor change in pH (pH 6.4 to 6.6) reported by Lazić and Vuković (1991)
suggest that there were no other reactions influencing the sorption of strontium besides
the ion exchange mechanism.
The surface area effect on the removal of Sr2+ was evaluated by comparing the
results from test in this study with Lazić and Vuković’s (1991) study. Lazić and
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Vuković’s (1991) experiments involved reacting hydroxyapatite with Sr(NO3)2 for two
hours at four different starting concentrations (0.001 molar, 0.003 molar, 0.005 molar,
0.011 molar) using the method and conditions as described in Section 2.2 (Figure 5.1).
The specific surface area of hydroxyapatite used was 30.5±0.5 m2/g. The percentage of
Sr2+ removal attained 56%, 80%, 85% and 92.7% respectively. This result is compared
with the Sr2+ removal result obtained in this project with reference to Table 4.1 and
Figure 5.2. The Sr(NO3)2 used had an initial concentration of 1.26x10-2 molal (similar to
the highest concentration solution used by Lazić and Vuković (1991)) and yield a 99.86%
removal following contact with high surface area hydroxyapatite (191.4 m2/g) for two
hours. This indicates hydroxyapatite with higher surface area is more efficient in
removing higher amounts of ions.

Figure 5.2. The amount of Sr2+ sorbed following contact with hydroxyapatite for two
hours with varying initial concentrations from the present study Lazić and Vuković’s
(1991) study using hydroxyapatite with 30.5±0.5 m2/g surface area. This is an indication
that higher surface area does contribute in the effectiveness of Sr2+ removal by
hydroxyapatite.
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5.2. LEAD REMOVAL
Lead is commonly used in the manufacturing of batteries, ammunition, paint and
shields for radiation protection such as X-rays (Agency for Toxic Substances and Disease
Registry, 2010). Lead contamination is widespread in soil and groundwater due to
improper disposal in the environment or from the leaching from galena (PbS), the major
source of lead ore. Cerussite (PbCO3) and anglesite (PbSO4) are two other common
minerals containing lead. Excess exposure to lead will deteriorate the nervous system,
affecting the coordination of human body. Lead remediation has been studied extensively
over the years to reduce lead concentration in drinking water below U.S. EPA action
level of 15 µg/L.
The maximum potential of hydroxyapatite in removing Pb2+ was achieved within
24 hours (Figure 4.5). The similar oxidation states of Pb2+ and Ca2+, which are both
divalent, allows for easy incorporation of Pb2+ into the Ca2+ position in the
hydroxyapatite structure. Both ions have an ionic radius difference of ~20%, where Pb2+
has an ionic radii of 1.19 Å and Ca2+ has a radii of 1.00 Å. Lead removal may also have
occurred through hydroxyapatite dissolution and the precipitation of new crystalline
phases; hydroxypyromorphite [Pb10(PO4)6(OH)2] (Ma et al., 1993). However, no calcium
analysis was conducted to further support this hypothesis. Low solubility of lead
orthophosphates makes hydroxyapatite a very viable option in remediation of lead from
groundwater.
The surface area effect can be observed by comparing the results from
hydroxyapatite used by Suzuki et al. (1982) with a surface area 11.4 m2/g and high
surface area hydroxyapatite synthesized by MO-SCI Corporation (191.4 m2/g).
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Approximately 43.75 ppm of Pb2+ ions were removed from 100 ppm solution (43.75%
removal) by hydroxyapatite with 11.4 m2/g surface area after two hours of contact time.
The 99% removal of Pb2+ within two hours (from 4 ppm to 0.67 ppb) obtained in this
project agrees that high surface area hydroxyapatite has the potential in removing more
ions compared to low surface area hydroxyapatite (Table 4.3; Figure 4.5). The 10-fold
difference in starting leachant concentration between the present experiments and the
results from Suzuki et al. (1982) may also influence the differences in reaction.

5.3. ARSENIC REMOVAL
Arsenic is a toxic chemical that exists in 3+ and 5+ oxidation states. It is
commonly used as alloying agent for lead batteries, pesticides and wood preservatives.
Improper disposal can lead to the transport of arsenic contaminants into groundwater and
soil. Arsenic can also occur naturally in soil is through the leaching of arsenopyrite
(FeAsS). Arsenic contamination in groundwater poses a hazard to human beings when
ingested, as it is a carcinogen that will lead to cancer, cardiovascular and respiratory
diseases, and even death at higher concentrations. Arsenic remediation from groundwater
is being studied to reduce arsenic concentrated in groundwater to meet the Environmental
Protection Agency (EPA) standard of 10 ppb.
Substitution of the

complex by

in hydroxyapatite was expected to

occur in the experiments. The first batch of experiments involving only pentavalent
arsenic with hydroxyapatite displayed approximately 20% removal (Table 4.4; Figure
4.6). This may have been caused by the large differences in ionic radii between As5+
(0.34 Å) and P5+(0.17 Å) that inhibits the substitution from occurring. The performance
of hydroxyapatite in removing As5+ improved when tin chloride (SnCl2) was added into
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test solutions as a reducing agent. This process changes the oxidation state of pentavalent
arsenic reducing As5+ to As3+ following the reaction below.
Sn2+  Sn4+ + 2eAs5+ + 2e-  As3+;
As5+ + Sn2+  Sn4+ + As3+
The ineffective adsorption of arsenic may also be induced by excess phosphorus
that may be present as a residue in the synthetic hydroxyapatite. This excess phosphorus
may compete with the As5+ to enter the hydroxyapatite structure. Calcium chloride
(CaCl2) that was added into the original static batch test setup containing hydroxyapatite
solids and arsenic pentoxide (As2O5) solution appeared to be successful in sequestering
the excess phosphorus, possibly leading to the formation of chloroapatite (Ca5(PO4)3Cl)
(Figure 4.6) which then proceeds to aid the removal of As5+ from solution.

5.4. COUPLED SUBSTITUTION MECHANISM
5.4.1. Cerium Removal. Mixed cations test were carried out to investigate ion
removal via charge coupled substitution mechanism by combining Ce3+, Ce4+, Cs+ and
Na-Si into a homogenized solution following several mixing matrices (Table 4.5; Table
4.7; Table 4.9). The species Ce3+ and Ce4+ are commonly used as surrogates for Pu3+ and
Pu4+ in experimental testing due to their similar outer electron shell structure, which
enables them to exhibit similar chemical behavior. Therefore, the remediation of
plutonium from groundwater using hydroxyapatite is expected to have a similar ion
removal behavior as Ce. The Na+ and Cs+ used in the tests serves as a charge
compensation ion to achieve a charge balance in the coupled substitution mechanism
involving the Ca2+ atoms in apatite. A second substitution is also possible, where P5+ is
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replaced by Si4+. This allows for charge coupled substitution in multiple sites. The
removal of Ce3+ was enhanced with the presence of Cs+ (Figure 4.7). This may be the
result of charge coupled substitution in a single site :
2Ca2+ ↔ Cs+ + Ce3+
The removal of Ce was more effective when Ce3+ was mixed together with combined NaSi. This abides to the following reaction of charge coupled substitution in multiple sites:
Ca2+ + P5+ ↔ Ce3+ + Si4+
The reaction of hydroxyapatite with tetravalent cerium displayed promising results even
though removal was not as effective compared to trivalent cerium, possibly due to the
larger difference in valence charge with respect to Ca2+ (Figure 4.8).

5.4.2. Cesium Removal. Cesium-137 is a gamma emitting radioisotope that is
produced by nuclear fission reactions. Containment of

137

Cs in lakes after the Chernobyl

disaster was an issue of environmental concern as a dose of 4.1 μg of

137

Cs can be fatal

within three weeks of consumption (Redman et al., 1972). The static batch tests were
carried out to test the potential of hydroxyapatite in Cs removal with presence of other
compensating cations of different charge and ionic radii. Cations which are not divalent,
such as Cs+, will only incorporate within the Ca2+ position in the hydroxyapatite
structure, with a compensating ion of different charge required for coupled substitution in
order to maintain a required charge balance. Charge-coupled substitution (e.g Cs+ + Ce3+
↔ 2Ca2+) was expected to be one of the mechanisms enhancing Cs removal. In contrast
with the single ion test with BaPO4 which will be discussed shortly (Section 5.7), the
result from the chemical analyses on cesium with hydroxyapatite after 24 hours achieved
37.9% removal (Table 4.10). There is only a slight increase in Cs removal (38.6%) when
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combined Na-Si is added (Figure 4.9). The small Na+ was added to serve as a sizecompensating ion to offset potential crystal distortions in hydroxyapatite that can result in
the incorporation of Cs+ with large ionic radii (1.88 Å). The inclusion of a smaller
coupled countercharge ion such as Na+ (1.02 Å) did not provide enough size
compensation as a counter balance ion to enhance the incorporation of Cs+. Overall,
compensating ions used (Ce3+, Ce4+, combined Na-Si) in the mixed cations analysis did
not significantly influence the removal of Cs+ (Figure 4.9). The results imply that chargecoupled substitution occurred at about the same rate in all samples. The large ionic radius
of the Cs ion (1.88 Å) is likely the factor limiting its incorporation into the
hydroxyapatite structure in the position where Ca2+ (1.00 Å) is normally situated. This
explains the success in removing Ce but not Cs, because tetravalent cerium has an ionic
radius of 0.97 Å which is close to that of calcium. Trivalent cerium has a valence charge
that is closer to calcium, which is divalent. However, an unexpected result is obtained as
Ce4+ sorption is slightly favored over Ce3+, indicating that the ionic radius effect
dominates over the valence charge effect in ionic substitution.

5.5. REMOVAL OF RARE EARTH ELEMENTS (REE)
The occurrences of rare earth elements (REE or lanthanide series) are common in
the earth’s crust. Apatite has the potential of retaining a fair amount of rare earth
elements (Rønsbo, 1989). The majority of the REE are most commonly available in the
forms of 3+ valence charge. There are exceptions, such as europium in 2+ valence charge
and cerium can be available in the form of Ce4+. The lanthanide series can be used to
model the potential behavior of the actinide series (e.g., Gd3+ is used as a surrogate for
Am3+ and Ce4+ as a surrogate for Pu4+) elements due to their similarity in electron shell
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structures. This set of experiments also assist us in evaluating the preferential selectivity
of hydroxyapatite in (1) incorporating REE3+ ions with respect to various radii and (2)
comparing the preferential substitution of ions with comparable sizes, but differing
charges, such as Lu3+ and Ce4+ where both ions have an ionic radius of 0.97 Å. The ionic
radius effect was expected to be the main influence affecting ionic substitution that
occurs in the REEs. The ionic radius of the lanthanide group progressively decreases with
respect to the increasing atomic number for all REE3+ species.
The REE3+ were preferred in the substitution into hydroxyapatite crystal because
all have a +1 difference in valence charge with Ca2+. The incorporation of REE ions are
favorable when the difference between ionic radius are small (closeness to the atomic
radius of Ca2+ of 1.00 Å). The expected order of selectivity where ions are to be
substituted are as follows:
Ho3+ (1.02 Å) > Lu3+ (0.97 Å) > Gd3+(1.05 Å) > Nd3+(1.12 Å) > Ce3+(1.14 Å) >
La3+ (1.16 Å) > Ce4+ (0.97 Å)
The REE analyses show a different pattern in the preferential substitution that
occur following 120 hour reaction with apatite, following the sequence Lu3+ > Ho3+ >
La3+ > Nd3+ > Gd3+ > Ce3+ > Ce4+ (Figure 4.10). There is a slight correlation between the
anticipated values and expected results. There is a lack of correlation between the amount
of REE removed from solution and the amount of Ca and P removed from solution for
the 504 hour test samples (Figure 4.10 and 4.11). It had been noted in the triplicate test
experiments of the rare earth elements at 24 and 168 hour time period that the results
showed low potential of repeatability (Table A.14). This is possibly due to other kinetic
processes that may be occurring within the leachate solutions.

59
The minimal difference (~3%) in ionic radius between Ce4+ (0.97Å) and Ca2+
(1.00 Å) contributes to the removal of cerium. However, the Ce4+ ion has a larger
difference in valence charge compared to Ca2+ in the hydroxyapatite structure, and thus
overcoming the charge difference during substitution hinders the removal of Ce, relative
to the removal of trivalent cations.

The valence charge effect can be evaluated by

comparing the adsorption behavior of Lu3+ and Ce4+ in hydroxyapatite. Both ions have
same ionic radii of 0.97 Å. The higher adsorption of Lu3+ in hydroxyapatite, relative to
Ce4+, indicates that the valence charge of elements is most likely dominating the
adsorption behavior. The fluctuation in the concentration of Ce4+ with respect to longer
time periods of the test (Figure 4.10) also suggests that some of Ce4+ adsorbed on the
hydroxyapatite surface is being desorbed with longer reaction times.
The variation of Ca and P measured in solution correlates with one another
(Figure 4.11). This suggests that dissolution of hydroxyapatite is occurring to release
these elements, not ion exchange with Ca2+. The hydroxyapatite phase used was expected
to have a molar ratio of 1.66 (Ca:P = 5:3). The molar ratio of Ca/P that was released into
solution appears to be higher than two in all REE3+ samples (Table A.16). Based on the
Ca/P molar ratio, the concentration of P5+ detected in solution was most likely lower than
expected because phosphorus that was released into solution may have been consumed by
ions present in solution to form insoluble phosphate phases. In contrast with REE3+
experiments, low amounts of Ca were detected in Ce4+ relative to P. This may be an
indicator that substitution of Ce4+ in the P5+ site may have contributed to ion removal due
to their difference in valence charge which varies by +1.
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5.6. IODINE REMOVAL
The radioisotope of iodine, I-131 is a beta-emitter which is commonly a product
of nuclear fission processes. This isotope was concern in the Chernobyl disaster accident
due to its radioactivity and common incorporation in the human thyroid gland.
Hydroxyapatite also behaves as an anion exchanger where F- had been studied to replace
OH- (Stormer and Carmichael, 1971). The potential of I- substituting OH- group in the
cavities parallel to the c-axis of the hydroxyapatite lattice was analyzed by conducting a
static batch test with calcium iodide (CaI2). Anions such as F-, Cl- and OH- with ionic
radius 1.33Å, 1.81 Å and 1.37 Å respectively are able to fit in these cavities (Narasaraju,
1996). The ionic radius of I- is 2.2 Å. Iodine substitution into the hydroxyapatite was
negligible. The large ionic radius is the most likely contributing factor to the inhibition of
I- into the hydroxyapatite structure.

5.7. CESIUM REMOVAL WITH BARIUM PHOSPHATE
The ability of barium phosphate (BaPO4) and hydroxyapatite to remove Cs from
water was tested. The ion Cs+ was expected to substitute for Ba2+ because both ions have
similar ionic radii. The Cs+ has an ionic radius of 1.88 Å while Ba2+ has an ionic radius
from 1.61 Å. This represents an ionic radius difference of ~14% which is within the 15%
variation normally considered acceptable for large amounts of ionic substitution.
Attempts made by Campayo et al. (2004) to immobilize cesium and incorporate it into
the barium-apatite structure to synthesize Cs-bearing barium apatite as a single phase
were also unsuccessful. This may be due to the properties of the phase precipitated such
as BaCsPO4 which was reported to be amorphous and very soluble (Campayo et al.,
2004).
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5.8. REACTED HYDROXYAPATITE ANALYSIS
Hydroxyapatite that was reacted with Ce4+ was analyzed to determine the extent
of substitution of Ca2+ by Ce4+. The longer 504 hour test contained lower concentrations
of Ce compared to the 168 hour test (Figure 4.12). This might be due to repetitive
adsorption and desorption between hydroxyapatite and Ce4+, however, a corollary
increase in Ce4+ was not observed in the solution data. The weight percentage of Ce
removed from leachate solution by 1.5 grams hydroxyapatite and does not correlate well
with the amount measured within 0.2 grams of reacted hydroxyapatite (Table 4.11). This
is a possible indication that the loss of Ce concentration from solution may be in the form
secondary phases that have form on the surface of hydroxyapatite which are relatively
soluble and have been washed off during rinsing procedure.
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6. PROTOTYPE PORTABLE WATER FILTER TESTS

The use of hydroxyapatite in ion removal may potentially be applied in the form
of a prototype portable water filter pump. A prototype portable filter pump utilizing the
efficiency of hydroxyapatite was designated to filter and provide safe drinking water
quickly and be operated in the field. Two elements that displayed effective removal
results in the static batch test method, Sr2+ and Nd3+, were selected and tested using the
portable water filter. The setup of the portable water filter composed of a 60 ml volume
syringe with a tubing and a 0.45 µm cellulose acetate filter attached to the end of it
(Figure 6.1). The powdered hydroxyapatite solids were held within the syringe using a
seven micron nylon sieve filter to prevent the clogging of the 0.45 µm filter. A one liter
vessel solution of 0.01 molal Sr(NO3) solution was pumped through the syringe
containing hydroxyapatite using the portable pumping device at a pumping rate of 8.58
mL/sec. The filtered solution was collected in 30 ml size Nalgene vessels. Three draws of
filtered solution were collected successfully. The first draw was collected during the
beginning of pumping, second sample was collected half way through the filtering
procedure and the final draw was at the end when the last fluid was pumped through the
filter. A sample of the untreated leachant solution was also collected in order to compare
the difference in solution concentration before and after pumping through the filter. The
entire procedure was repeated replacing the Sr(NO3) with 0.01 molal neodynium
solution.
The Sr2+ concentration was reduced to ~30% to 70% of the starting concentration
in the pump tests (Table 6.1). The average treated Sr concentration from this test is 5.819
x 10-3 molal relative to the starting concentration of 0.01 molal. By contrast, the two
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hour static batch test conducted results show a Sr concentration of 1.807 x 10-5 molal, a
reduction of more than 500-fold.

Figure 6.1.The prototype set up of a portable water filter pump. Its components consist of
60ml syringe, 0.45 µm cellulose acetate filter, seven microns nylon sieve filter and a
portable pumping device.
Table 6.1. The concentration of Sr and Nd solution collected after instantaneous reaction
from pumping of solution through hydroxyapatite in the portable water filter.
Sr (molal)
Nd (molal)
Untreated

1.057 x 10-2

1.000 x 10-3

Pump filtered draw 1

3.505 x 10-3

6.445 x 10-5

Pump filtered draw 2

6.268 x 10-3

5.774 x 10-5

Pump filtered draw 3

7.685 x 10-3

2.909 x 10-4
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The solution collected from pumping 0.001 molal of neodymium through the
portable water filter pump filled with hydroxyapatite reads concentration range between
2.909 x 10-4 molal to 5.78x 10-4 molal which displayed a 100 fold decrease in
concentration. The difference between collected solution from this test and the
concentration of Nd left in a two-hour batch test (1.676 x 10-8 molal) is almost 10,000
times higher. The pump filtered solution from the third draw appears to be ten times
higher than the previous two draws. This is due to inadvertent leakage that occured at the
cap of the syringe that allowed some leachant fluid to bypass the hydroxyapatite filter. A
small amount of leachant solution may have also been forced through the top of the filter
bag apparatus, thereby bypassing physical contact with the majority of the hydroxyapatite
in the syringe. Although these initial tests show some limited success in removing
potential contaminants using the filtering apparatus, more work is still needed in trying to
get the contaminant fluid to effectively flow through a larger proportion of the
hydroxyapatite in the filter.
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7. CONCLUSION

The synthesis of high surface area hydroxyapatite was developed and carried out
by MO-SCI Corporation with the expectation of being a more effective sorbent for
removing ions from aqueous solutions compared to lower surface area commercial
hydroxyapatite. Static batch tests were used to determine the rate and amount of ion
removal by hydroxyapatite. Experiments with 1.5 grams of hydroxyapatite in 30 mL
solution with ion of interest or with multiple ions were tested at a range of time periods to
determine rate of removal and the total time required where maximum amount of
removal that can be achieved by hydroxyapatite. The amount of ions of interest being
removed increases with respect to longer contact time with high surface area
hydroxyapatite. The experiments conducted using hydroxyapatite and various ions in a
static batch test format displayed effective results within 2 to 120 hours in the removal of
surrogate radionuclides and heavy metal contaminants. Precision checks were done by
preparing triplicate samples to evaluate the consistency and potential of repeating the ion
removal results at a specific time period. Occasionally, desorption may occur where ions
may be released back to solution.
The results from the portable water filter pump test were successful in removing
potential contaminants such as Sr2+ and Nd3+, but it was not as effective in comparison to
the results from the static batch test. The portable water pump filter test showed the result
of ion removal following spontaneous reaction between leachant solution and
hydroxyapatite.
Over the years, many detailed and extensive investigations in utilizing
hydroxyapatite for groundwater remediation have been carried out and displayed
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successful results. A joint effort between Missouri University of Science and Technology
(Missouri S&T) with MO-SCI Corporation was successful in proving the performance of
a high surface area (<200 m2/g) hydroxyapatite as potential cation exchangers. Even
though hydroxyapatite has been reported in the literature to be capable in anion
substitution, tests with I- appeared ineffective. High surface area glass-derived
hydroxyapatite exhibits promising results for the remediation of harmful contaminants
such as Sr2+, Pb2+, As3+ and As5+, Ce3+ and Ce4+ (surrogates for Pu3+ and Pu4+), and
REE3+ that have been leached out into groundwater from nations landfill, nuclear power
plants, mine’s tailings pile, and military activities. The effectiveness of high surface area
hydroxyapatite was compared with results from experiments conducted by other authors
Suzuki et al. (1981, 1982, 1984) and Lazić, S. and Vuković, Ž (1991) using lower surface
area hydroxyapatite (11.4 m2/g and 30.5±0.5 m2/g respectively). The percentage of ion
removal achieved by high surface area hydroxyapatite is higher than literature studies that
used lower surface area hydroxyapatite.
The ion removal is believed to have been achieved by either ion exchange, surface
adsorption or occasionally, a combination of both mechanisms. The results from this
study abide to Goldschmidt’s (1937) rule of ionic substitution with a few exceptions such
as the unknown kinetics that may occur in the solution which may prohibit subsitution.
Ion exchange is favored when there is a small difference in ionic radius (<15% difference
in ionic radius), similar valence charge (±1 charge) and high electronegativity. Charge
compensation is required when there is an imbalance in valence charge. The
immobilization of harmful ions also occurs through the precipitation of secondary phases
via dissolution of hydroxyapatite phases.
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The rapid rate at which high surface area hydroxyapatite incorporates ions into
the crystal structure reflects its applicability as an effective sorbent for subsurface
remediation from contaminated sites such as mine’s tailings pile, landfills as well as
lakes, ponds and rivers that have been exposed to toxic waste. Hydroxyapatite can be
applied in the real world in the form of a permeable reactive apatite barrier to remediate
contaminants during groundwater transport in the subsurface (Wright, 2003).
Hydroxypatite also can be used effectively to provide drinking water with a few
improvisions to the prototype water filter. Utilizing the availability of hydroxyapatite for
groundwater and soil remediation is also economically viable.
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APPENDIX

CALIBRATION PARAMETERS AND RESULTS

Table A.1. Ionic radii values used with reference to CRC Handbook of Chemistry and
Physics, 90th Edition (Lide,2009). Ionic radii of elements in italic is obtained from Klein
and Dutrow (2008).
Ionic Radii
Element CN
(Å)
3+
As
6
0.58
5+
As
4
0.34
2+
Ba
6
1.35
2+
Ca
6
1.00
Ce3+
8
1.14
4+
Ce
8
0.97
Cs+
6
1.67
Fe2+
6
0.78
Gd3+
8
1.05
3+
Ho
8
1.02
3+
La
8
1.16
Lu3+
8
0.97
2+
Mg
6
0.72
Na+
6
1.02
3+
Nd
8
1.12
P5+
4
0.17
Pb2+
6
1.19
F
6
1.33
OH6
1.37
Cl6
2.20
I6
1.81
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Table A.2. Table includes chemical solids and liquids used in the preparation of leachant
solutions and other chemicals that were introduced into experimental procedures. The
chemicals used in experiments conducted by MO-SCI Corporation were not presented in
this table. Note: DIW = deionized water
Weight
Weight
Solid/Liquid
Purity
of solid/ of DIW Lot Number
Manufacturer
Standards
(%)
liquid (g)
(g)
Ammonium cerium
(IV) nitrate
5.4820
1000.00 229547-10G
Sigma-Aldrich
99.990
(NH4)2Ce(NO3)6
Arsenic pentoxide
0.2280
1000.00
781506
Fisher Scientific
(As2O5)
Calcium chloride
947454
Fisher Scientific
anhydrous (CaCl2)
Calcium iodide
0.5880
1000.00
J11R020
Alfa Aesar
99.999
(CaI2)
Cerium (III) nitrate
4.3420
1000.00 202991-25G
Aldrich
99.990
hexahydrate
(Ce(NO3)3·6H2O)
Cesium
1.9490
1000.00 203041-10G
Aldrich
99.990
nitrate(CsNO3)
Gadolinium
2-5% HNO3,
157.2500 842.75
15-193GDX
Fisher Scientific
1000µg/mL
Holmium
164.9350 835.06
A0061458
Fisher Scientific
1 mg/ml Ho in
2% HNO3
Lanthanum
138.9080 861.09
A0290159
Fisher Scientific
1 mg/ml La in
2% HNO3
Lutetium
174.9780 825.02
A0958392
Fisher Scientific
1 mg/ml Lu in
2% HNO3
Lead (II) carbonate
2.6720
1000.00
97354
Alfa Aesar
99.999
(PbCO3)
Neodymium
2-5% HNO3,
144.2400 855.76
15-140NDX
Fisher Scientific
1000µg/mL
<70.00
Nitric acid
G16428
J.T.Baker
0
(HNO3)
Sodium metasilicate
nonahydrate
2.8420
1000.00
976949A
Fisher Scientific
(NaSiO3·9H2O)
Strontium nitrate
2.1150
1000.00 204498-10G
Aldrich
99.995
(SrNO3)
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Table A.3. Leachant concentration after a 24 hour blank test in Teflon vessels . This is to
detect the amount of solute that was adsorbed to the wall of Teflon vessels. Note:
Expected concentration from leachant solutions were not filtered and solutions from
blank test were filtered, which explains the significant difference in concentration.
Concentration
Expected
Leachant
(ppm)
Concentration (ppm)
not tested
Sr
not tested
3.93
Pb
3.49
5+
125.00
As CaCl2
118.00
1306.00
Cs
564.00
3+
1504.00
Ce
673.00
4+
1293.00
Ce (mixed cation)
606.00
4+
135.08
Ce
184.22
142.40
La
137.71
145.10
Nd
143.35
148.46
Gd
163.63
162.62
Ho
213.00
171.77
Lu
185.55
Table A.4. Blank test where Teflon vessel used in experiment is filled with deionized
water for 24 hours and analyzed using the ICP-OES to detect any foreign impurities that
may have been introduced into the experiment by water source. DIW= deionized water
Sr
Sample
Ca
P
Cs
Na
Si
Ce
Nd
(ppm
Number (ppm) (ppm)
(ppm) (ppm) (ppm) (ppm) (ppm)
)
McNutt
Room
<0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
144
DIW
DIW
Blank
<0.10 <0.10
0.29
0.26
<0.10 <0.10 <0.10 <0.10
24h

Table A.5. pH calibration for the pH measurement of Sr and Pb samples.
Element
Standard pH
Accuracy
check
4.00 7.00 10.00
(pH)
4.03 7.05 10.03
7.02
Pb
4.06 7.05 10.05
7.03
Sr
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Table A.6. Quality check of 10 ppm and 1 ppm standard solution on the ICP-OES after
concentration measurement for every 10 strontium samples.
Accuracy check (ppm)
Percentage Difference (%)
Standard
(ppm)
Ca
P
Na
Si
Ce
Sr
Ca
P
Na
Si
Ce Sr
10.00 10.20 10.40 9.89 10.30 10.30 10.40 2.00 4.00 1.10 3.00 3.00 4.00
1.00 1.03 1.00 1.01 1.04 0.97 0.00 3.00 0.00 1.00 4.00 3.00
1.00
10.00 10.60 10.70 10.00 10.50 10.50 10.80 6.00 7.00 0.00 5.00 5.00 8.00
1.01 1.03 0.98 1.03 1.03 1.04 1.00 3.00 2.00 3.00 3.00 4.00
1.00
Table A.7. Quality check of the results using 10 ppm and 1 ppm standards. This quality
check was conducted by the ICP-OES for the measurement of Ca and P concentrations
from REE samples that were reacted with hydroxyapatite for 504 hours.
Accuracy check (ppm)
Percentage Difference (%)
Standard
(ppm)
Ca
P
Ca
P
9.26
9.26
7.40
7.40
10.00
1.00

0.94

0.94

6.00

6.00

1.00

1.02

1.08

2.00

8.00

Table A.8. Calibration of standards prior to ICP-MS chemical analysis on strontium
samples
Sr
Sr Accuracy
Standard (ppb)
(ppb)
(%)
<0.10
1% HNO3 Blank
0.10
0.00
0.10
1.00
0.00
10.00
10.00
0.00
10.00
49.96
0.08
500.0
Table A.9. Calibration data for the chemical analysis of lead, and Sr and Nd solution
from the portable pump filter experiment on the ICP-MS.
Sr
Nd
Pb
Sr
Nd
Pb
Standards (ppb)
Accuracy Accuracy Accuracy
(ppb) (ppb)
(ppb)
(%)
(%)
(%)
1% HNO3
<0.10
<0.10
<0.10
Blank
0.10
0.10
0.10
0.00
0.00
0.00
0.1
1.03
1.00
1.00
3.00
0.00
0.00
1
10.02
9.99
9.99
0.20
0.10
0.10
10
49.85
49.82
49.80
0.10
0.36
0.40
50
101.39 101.32 101.09
1.39
1.32
1.09
100
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Table A.10. Calibration data for the chemical analysis on As5+ with presence of CaCl2 on
the ICP-MS.
Standard
As Concentration
As Accuracy (%)
(ppb)
(ppb)
<0.10
1% HNO3
1.00
0.00
1
9.99
0.10
10
99.94
0.06
100
201.13
0.57
200
Table A.11. The calibration data for Ce and Cs for the mixed cation analyses tests. The
concentration of Ce and Cs was measured using the ICP-MS
Ce
Standard
Cs Accuracy
Ce (ppb)
Cs (ppb)
Accuracy
(ppb)
(%)
(%)
<0.1
<0.1
1% HNO3
0.1
0.1
0.0
0.0
0.1
1.0
1.0
0.0
0.0
1
10.0
10.0
0.0
0.0
10
49.9
49.9
0.2
0.2
50

Table A.12. Calibration data for the rare earth elements sorption tests using the ICP-MS.
Accuracy check (ppb)

Standard
(ppb)

La

Ce

Gd

Nd

Ho

Percentage Difference (%)
Lu

1% HNO3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

La
-

Ce Gd Nd Ho Lu
-

-

-

-

-

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.0 0.0 0.0 0.0 0.0 0.0

1

0.9

1.0

1.0

1.0

1.0

1.0

10.0 0.0 0.0 0.0 0.0 0.0

10

9.9

9.9

10.1

9.9

10.0 10.0

1.0 1.0 1.0 1.0 0.0 0.0

50

48

48.5 50.9 49.9 49.9

50

4.0 3.0 2.0 2.0 2.0 2.0
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Table A.13. Calibration data for chemical analyses on REE that were reacted with
hydroxyapatite for 168 and 504 hours and reacted cerium analysis on the ICP-MS.
Accuracy Check (ppb)
Percentage Difference (%)
Standard
(ppb)
1% HNO3
Blank

La

Ce

Gd

Nd

Ho

Lu

<0.10 <0.10 <0.10 <0.10 <0.10 <0.10

La
-

Ce Gd Nd
-

-

-

Ho

Lu

-

-

0.1

0.10

0.10

0.10

0.10 0.10

0.10 0.00 0.00 0.00 0.00 0.00 0.00

1

1.00

1.00

1.00

1.00 1.00

1.00 0.00 0.00 0.00 0.00 0.00 0.00

10

10.00 10.00 10.00 10.00 10.00 10.00 0.00 0.00 0.00 0.00 0.00 0.00

50

50.00 49.95 49.96 50.01 49.98 50.00 0.00 0.10 0.08 0.02 0.04 0.00

Table A.14. Concentration measurement in ppb from the rare earth element sorption tests.
Average and standard deviation values for triplicate experiments are included below.
Concentration data were generated using the ICP-MS
Contact
Concentration (ppb)
time
Ce3+
Ce4+
La
Nd
Gd
Ho
Lu
(hours)
130.0
403.9
16.4
2.4
11.2
38.4
8.3
2
110.0
2978.8
11.2
4.8
12.8
10.9
4.9
4
<0.1
1448.0
11.1
5.9
9.5
10.9
4.3
8
0.02
622.2
8.9
11.0
7.3
2.8
1.2
24
not tested
1968.9
24.1
8.6
31.1
7.4
1.2
24
not tested
1572.6
18.6
2.3
29.5
9.0
1.4
24
24 1387.9
17.2
7.3
22.6
6.4
1.3
Average
24 – Std
692.1
7.7
4.5
13.3
3.2
0.1
Dev
<0.1
485.0
6.6
1.3
9.2
3.9
0.6
48
<0.1
4431.4
3.8
8.8
11.4
2.4
0.6
120
not tested
515.0
4.1
6.4
3.0
0.7
0.6
168
not tested
2346.3
6.2
8.09
5.4
0.8
0.5
168
not tested
1186.2
2.8
2.4
12.5
1.2
0.3
168
168 1349.2
4.4
5.6
7.0
0.9
0.5
Average
168 – Std
926.5
1.7
2.9
4.9
0.3
0.2
Dev
not tested
73.7
3.1
0.6
2.3
0.9
0.4
504
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Table A.15. Concentration measurement in molal from the rare earth element sorption
tests. Average and standard deviation values for triplicate experiments are included
below.
Contact
Molal Concentration
time
Ce3+
Ce4+
La
Nd
Gd
Ho
Lu
(hours)
1.43E2.88E1.68E7.12E2.33E1.18E-07
4.74E-08
2
05
06
08
08
07
2.85E2.13E3.34E8.19E6.62E8.08E-08
2.81E-08
4
05
05
08
08
08
5.71E1.03E4.08E6.09E6.66E7.96E-08
2.47E-08
8
05
05
08
08
08
<7.14E- 4.44E7.64E4.68E1.70E6.43E-08
6.77E-09
24
10
06
08
08
08
not
1.41E5.99E1.98E4.48E1.74E-07
7.01E-09
24
tested
05
08
07
08
not
1.12E1.63E1.88E5.48E1.34E-07
8.14E-09
24
tested
05
08
07
08
9.91E5.08E1.44E3.89E24 1.24E-07
7.31E-08
06
08
07
08
Average
4.94E3.11E8.45E1.96E24 – Std
5.54E-08
7.35E-10
06
08
08
08
Dev
<7.14E- 3.46E9.43E5.88E2.38E4.75E-08
3.46E-09
48
10
06
09
08
08
<7.14E- 3.16E6.16E7.25E1.49E2.73E-08
3.55E-09
120
10
05
08
08
08
not
3.68E4.50E1.91E4.57E2.97E-08
3.39E-09
168
tested
06
08
08
09
not
1.67E5.61E3.43E5.03E4.45E-08
2.85E-09
168
tested
05
08
08
09
not
8.47E1.71E7.95E7.50E2.04E-08
2.08E-09
168
tested
06
08
08
09
9.62E3.94E4.43E5.70E168 3.15E-08
2.77E-09
06
08
08
09
Average
6.59E2.01E3.14E1.58E168–Std
1.22E-08
6.58E-10
06
08
08
09
Dev
not
5.26E4.52E1.47E5.68E2.20E-08
2.51E-09
504
tested
07
09
08
09
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Table A.16. The concentration of Ca and P released into solution from the tests following
504 hour reaction time between hydroxyapatite and rare earth elements. Chemical
analysis was conducted on the ICP-OES.
Concentration Concentration Molar ratio
Elements Ca (ppm)
P (ppm)
of Ca (molal)
of P (molal)
Ca/P
0.505
49.6
1.26E-05
1.60E-03
0.0078
Ce4+
351
98.8
8.76E-03
3.19E-03
2.75
La
226
56.2
5.64E-03
1.81E-03
3.11
Nd
271
72.7
6.76E-03
2.35E-03
2.88
Gd
554
169
1.38E-02
5.46E-03
2.53
Ho
610
214
1.52E-02
6.91E-03
2.53
Lu

Table A.17. ICP Results – Hydroxyapatite Tests with strontium.
Time
Concentration (ppm)
Molal Concentration
(hours)
Ca
P
Sr
Ca
P
Sr
pH
5.57
Leachant <0.1 <0.1 1102.0 <2.50E-06 <3.23E-06 1.26E-02
0.6 239.0
1.6
1.45E-05 7.70E-03 1.81E-05
8.88
2
6.4 298.0
1.4
1.60E-04 9.61E-03 1.54E-05
8.92
4
0.6 273.0
1.0
1.38E-05 8.80E-03 1.20E-05
8.94
8
0.5 274.0
0.7
1.18E-05 8.83E-03 7.58E-06
8.98
24
0.5 290.0
1.0
1.24E-05 9.37E-03 1.10E-05 Not tested
120 a
0.5 276.0
0.8
1.21E-05 8.91E-03 9.21E-06 Not tested
120 b
0.4 279.0
0.8
1.11E-05 8.99E-03 9.33E-06 Not tested
7120 c

Table A.18. ICP-MS Results – Recycled CaPO4 tests with strontium
Time
(hours)
2
4
8
24
120 a
120 b
120 c

Concentration (ppm)
Ca
P
Sr
8.5
0.2
805.0
8.0
0.4
788.0
10.8
0.1
680.0
14.0
0.3
692.0
20.9
0.1
738.0
19.8
0.1
706.0
20.1
0.1
734.0

Molal Concentration
Ca
P
Sr
2.12E6.08E-06 9.18E-03
1.99E1.43E-05 8.99E-03
2.70E2.65E-06 7.76E-03
3.50E8.67E-06 7.90E-03
5.23E2.65E-06 8.43E-03
4.95E3.33E-06 8.06E-03
5.03E2.91E-06 8.38E-03

pH
8.77
8.59
7.95
8.29
Not tested
Not tested
Not tested
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Table A.19. ICP-MS Results – Hydroxyapatite Tests with Pb
Concentration
ppb
molal
3922.9 1.89E-05
Leachant
Leachant duplicate 3955.5 1.91E-05
0.67 3.25E-09
2
1.01 4.89E-09
4
0.24 1.17E-09
8
0.15 7.16E-10
24h(a)
0.04 1.93E-10
24h(b)
0.12 5.56E-10
24h(c)
0.10 4.74E-10
120h
Time (hours)

pH
6.58
6.56
8.40
8.43
8.35
8.43
8.43
8.45
8.40

Table A.20. The ICP-MS results for arsenic sorption test.
Contact time
(hours)

0
2
4
6
8
24
48
120

Concentration (ppm)
As5+

As3+

972.0
865.0
912.0
not
not
804.0
749.0
778.0

732.0
302.0
341.0
not
306.0
323.0
269.0
232.0

As5+ with reducing
agent
962.0
128.0
167.0
162.0
not tested
not tested
not tested
not tested

As5+ with
CaCl2
125.0
11.2
4.1
not tested
6.1
2.5
not tested
2.6
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Table A.21. ICP-MS Results for mixed cations sorption tests.
Samples
Leachant Ce3+
Blank test Ce3+
Ce3+
Ce3+, Ce4+
Ce3+, Cs+
Ce3+, Ce4+, Cs
Ce3+, Na, Si
Ce3+, Cs, Na, Si
Leachant Ce4+
Blank test Ce4+
Ce4+
Ce3+, Ce4+
Ce4+, Cs
Ce3+, Ce4+, Cs
Ce4+, Na, Si
Ce4+, Cs, Na, Si
Leachant Cs
Blank Test Cs
Cs
Cs, Ce3+
Cs, Ce4+
Ce3+, Ce4+ , Cs
Cs, Na, Si
Cs, Na, Si, Ce3+
Cs, Na, Si, Ce4+

Concentration in ppb
Ce
Cs
1,504,000.00
<0.10
673,000.00
<0.10
18.00
8.93
25.10
7.11
7.87
366,190.00
3.71
359,470.00
6.44
25.97
6.76
1,017,762.00
1,293,000.00
<0.10
606,000.00
<0.10
2,324.00
<0.10
25.00
7.11
17.00
361,000.00
4.00
359,000.00
17.00
5.82
75.00
355,000.00
<0.100
1,444,000.00
<0.100
564,700.00
<0.100
350,400.00
7.90
366,200.00
16.80
361,600.00
3.70
360,500.00
<0.10
345,600.00
6.80
385,200.00
74.70
355,000.00

Molal Concentration
Ce
Cs
0.01
<7.52E-10
4.81E-03
<7.52E-10
1.29E-07
6.72E-08
1.79E-07
5.35E-08
5.62E-08
2.76E-03
2.66E-08
2.71E-03
4.60E-08
1.96E-07
4.82E-08
7.66E-03
0.01
<7.52E-10
0.004
<7.52E-10
1.66E-05
<7.52E-10
1.79E-07
1.89E-07
1.20E-07
1.26E-07
2.65E-08
2.79E-08
1.24E-07
1.31E-07
5.33E-07
5.62E-07
<7.14E-10
1.09E-02
<7.14E-10
4.24E-03
<7.14E-10
2.64E-03
5.638E-08
2.72E-03
1.199E-07
2.71E-03
2.641E-08
2.71E-03
<7.14E-10
2.60E-03
4.853E-08
2.90E-03
5.331E-07
2.67E-03
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